Introduction
The properties and reactivities of palladium complexes have been studied with various theoretical and experimental techniques. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In particular, the reactivities have been investigated by focusing on the geometrical structures (PdL 4 , PdL 5 , PdL 6 ) and the ligand exchange reactions in the solvation system via a ligand-solvent interaction and/or metal-solvent/ligand interaction (e.g., Pd-DNA bases interactions). [1] [2] [3] In the tetracoordinated Pd(II) complexes, the ground electronic configuration of the central Pd(II) metal is 4d 8 with a partially occupied d-shell as a 3 F state. Since the unoccupied d x 2 -y 2 orbital of the Pd center interacts with the lone pair orbitals of four surrounding ligands, the structural characteristic of Pd(II) complexes has the tendency to form square planar geometry. The occupied d z 2-orbital of Pd(II) interacts with the fifth or sixth ligands at the axial positions of the square planar geometry. 3, 4 The binding between the transition metal and macrocyclic ligands containing electronegative atoms are formed with the coordination of the N-and O-atoms (hard σ-donor properties) and the P-and S-atoms (soft σ-donor and π-acceptor properties) on the ligand. [1] [2] [3] [4] The geometrical structures of the macrocyclic Pd complexes are distorted from the π-acceptor property using empty d-orbitals on the P-and Satom. Generally, the Pd(II) complexes have a square-planar Pd(II) center bound to the electronegative atom on ligands. With the presence of an axial (Pd…L) intra-molecular interaction, the geometrical structure of the macrocyclic Pd complexes {Pd( [9] aneS 2 O)Cl 2 } results in five coordinated complexes. The Pd(II) center is not co-planar with the four donor set. Two of the donor atoms lie above the mean plane and two atoms below. 4 The distances of the apical (Pd…L) interaction are longer than the values of a Pd-S (Pd-N, Pd-O) bond observed normally. 1, 2 That is, the distance (2.92 Å) of the axial (Pd…S) interaction is in excess of the normal bonding range of R (Pd-S) = (2.30~2.50 Å). Meanwhile, the Pd-S distances of the two equatorial thia donors are shorter than those of Pd(II) complexes coordinated with four equatorial thia donors. 1, 2 Regarding the decrease of the Pd-S distances, it has been known that π-orbital back donation occurs from the Pd(II) ion to the S atom. The characteristics of the microcyclic-metal complexes are electronically controlled by the metal-donor atom interactions rather than by any conformational and configurational constraints of the macrocyclic ligands. The ligand exchange reactions at the Pd(II) center are suggested to proceed via a five-coordinated metal-ligand interaction. [5] [6] [7] [8] [9] [10] [11] These ligand exchange processes are also characterized by electron density transfers from the entering ligands with the lone pair electron to the leaving L groups via the central Pd(II) metal. In the reaction mechanisms associated with the ligand exchanges at the Pd(II) complexes, the exchange reaction proceeds via a vertically fivecoordinated transition state ([PdL 5 ] ‡ ) leading to C 2v -symmetry. 5 The relative activation energies for the exchange reactions are about 3-49 kJ/mol. The geometrical structures and potential energy surfaces for the ligand exchange reactions of the platinum complexes were examined by Park et al. 9, 10 The transition state for the exchange reactions has a C 1 -symmetrical structure with both hydrogen-bonded and direct metal-solvent interactions. The hydrolysis processes of cis-dichloro(ethylenediamine)platinum were investigated by Santos group. 8 In the reactant and product, the entering H 2 O and leaving Cl groups hydrogen-bond to the central Pt cation. In the transition state, the oxygen atom of the entering water axially bonds to the d z 2-orbital of Pt(II) and two H atoms of the water simultaneously orient towards the two chloride. Experimentally, 11, 12 two vertical metal-oxygen interactions at the apical positions of the square planar PtCl 4 2− complexes were observed by Caminiti et al. 11 The geometrical structure of [MCl 4 ] 2− ·(H 2 O) 2 by the metaloxygen interaction is a distorted octahedral complex.
In this work, we studied the geometrical structures of the tetracoordinated Pd(II) complexes coordinated by the monoand bidentate ligands and the potential energy curves of the ligand exchange reaction via a five-coordinated Pd-OH 2 interaction. First, the geometrical structures of the Pd(II) complexes were optimized with the monodentates and bidentates (neutral and anionic states). Second, the binding intensity of the N-, O-(σ-donor), and P-atom (σ-donor and π-acceptor) on the ligand and the fifth axial (Pd…π-orbital) interactions between Pd and the π-orbital of bidentate were examined. Finally, to elucidate the reactivities of the ligand exchange process in the ligand-solvent interaction and the interaction between Pd(II) and the fifth ligand, the potential energy surfaces of the conversion from the reactants (PdY 2 L 2 + L') to the product (PdY 2 LL' + L) were calculated.
Computational Methods
The )] complexes were fully optimized with the ab initio second-order Möller-Plesset perturbation (MP2), and density functional theory (DFT) levels using the Gaussian 03. [13] [14] [15] The hybrid DFT (B1LYP, B3LYP, B3P86) density functional utilizes the exchange functional of Becke 14 in conjunction with Lee-Yang-Parr correlation function 15 and provides good structural and energy-related information, even for relatively large chemical systems such as transition metal complexes. To confirm the existence of stable structures, the harmonic vibrational frequencies of the species were analyzed at the B3P86 level. In addition, the atomic charges of the natural bond orbital (NBO) of the equilibrium (PdY 2 L 2 ) complexes were also analyzed to investigate the charge transfer of the ligand exchanges. The standard 6-311+G ** basis sets are used for the (H, N, O, P, Cl, and Br) atoms (3-21G ** for Pd). To obtain more reasonable results, we used the lanl2dz basis functions for Pd. ] are calculated using the total energies as a function of the (Pd-O) distances in the range of 2.0 to 4.5 Å and the (Pd-Cl) distances in the range of 2.3 to 4.5 Å.
Results and Discussion
Geometrical structures of Pd complexes. Geometrical structures of tetracoordinated Pd complexes at the B3P86/6-311+G ** (3-21G ** for Pd) level were optimized and the most stable isomers are represented in Figure 1 . The geometrical strucrures used the lanl2dz basis functions for Pd are similar to those used 3-21G . The distance between two orbitals is shorter than the sum of the van der Waals radii of the atoms concerned. That is, weak repulsion exists between two orbitals. As a result, the Pd(II) atom lies above the plane at a perpendicular distance of 1. The average atomic charges of the natural bond orbital analysis in Pd complexes are listed in Table 2 . Our calculated charges are similar to the previously reported theoretical results. 19 The absolute values of the atomic charges calculated at the B3P86/lanl2dz levels are smaller than the corresponding values at any other level. In the Pd complexes, the charge values of the Pd(II) and P atoms are positive, whereas those of the other atoms are negative. Depending on the Z ligand, the atomic charges of Pd(II) are different from each other. That is, the atomic charges of Pd(II) coordinated with OH − and PH 3 are the largest and smallest, respectively. The atomic charges of Pd(II) combined with the bidentate are more positive than those of Pd(II) with the monodentate. The atomic charge of Pd(II) in the trans-(twisted cis-) type is more positive than that in the cistype. Meanwhile, in the Pd complexes combined with the P atom (σ-donor and π-acceptor) of PH 3 , the redistribution of the atomic charge from Pd(II) to P-atom occurs via the π-acceptor of the empty d-orbital in the P atom. Therefore, the value of the atomic charge for P is relatively small. 3 are smallest. These small energy gaps could be a consequence of enhanced π-back donation of the atomic charges from the Pd(II) center to the P atom. The charge balance of the ligand coordinated to the central Pd(II) atom influences the geometrical configuration and the bond length between Pd(II) and the ligands. In particular, the electronic Figure   2 shows only the potential energy surfaces produced by the projection for the 3-dimensional axis (x-R (Pd-Cl) , y-R (Pd-O) , zenergy axis) of (a In Figure 4 , the internuclear distances range from 2.0 to 4.5 Å for (Pd-O) and from 2.2 to 4.25 Å for (Pd-Cl). A and C correspond to the equilibrium states of the reactant and product, respectively, and B is the point corresponding to the transition state. At position A, ( 
Conclusions
We investigated the geometrical structures of Pd(II) complexes and potential energy surfaces for the ligand exchange reactions of Pd(II) complexes in relation to their ligandsolvent interactions. In the optimized Pd complexes, Pd(II) 
